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Abstract—Interaction of cells with extracellular matrix (ECM) largely defines migration capacity of cells and ways of their
dissemination in normal tissue processes and during tumor progression. We review current knowledge about structure of cell
adhesions with ECM and their alterations during carcinogenesis. We analyze how changes in structure of cell-matrix adhe-
sions and ECM itself lead to acquisition of neoplastic properties by cells. Modern concepts of tumor cell motility and
changes in the relationships of cells with ECM during tumor development are presented. Contemporary approaches for
influencing the cell-ECM adhesion structures for inhibition of invasion and metastasis are briefly discussed.
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Normal functioning of an organism is possible when
activities of all organs and cells are coordinated. Cells are
in close interaction with each other and with the sur-
rounding extracellular matrix. The cell environment is
the source of different signals regulating the cell behavior,
in particular, their reproduction state—transition to cell
division, cell cycle arrest or to apoptosis, as well as migra-
tion during wound healing or embryonic development.
An important role in these regulations belongs to specific
structures providing for cell interactions with their envi-
ronment, such as cell—cell contacts and adhesions to
extracellular matrix [1-3]. These structures and their reg-
ulatory functions have been studied for many years, but
recently great methodical advances have been made in
studies of cell interactions with extracellular matrix. The
combination of molecular biological methods with the
most advanced methods of microscopy (the use of confo-
cal or multiphoton microscopes and live cell videomi-
croscopy) made it possible to observe the motility of cells
both in vitro and in living organisms in vivo, as well as to
study the participation of individual structural and regu-

Abbreviations: ECM) extracellular matrix; EMT) epithelial-
mesenchymal transition; FAK) focal adhesion kinase; FC/FA)
focal contacts/focal adhesion; MAT) mesenchymal-amoeboid
transition; MMP) matrix metalloproteases.

latory molecules in affording the process of cell interac-
tion with its environment.

This review deals with present concepts of cell adhe-
sion to extracellular matrix, changes in cell relationships
with extracellular matrix during tumor progression, and
new trends in investigations in this field associated with
the possible effects on cell behavior in carcinogenesis.

CHANGE IN CHARACTER OF CELL MIGRATION
DURING CARCINOGENESIS

A peculiarity of tumor cells is their enhanced ability
to migrate and invade into adjacent tissues. In the course
of invasion tumor cells leave normal structures by passing
through basal membrane and migrate into the surround-
ing stroma. These events include significant changes in
cell morphology as well as close relationships of cells with
extracellular matrix (ECM) and structural rearrangement
of the latter [4-7].

Recent research has shown that tumor cells can dis-
seminate in different ways during carcinogenesis. This
may be the so-called migration of individual cells (in such
tumors as lymphomas, leukemias, and sarcomas) or col-
lective migration characteristic for tumors of epithelial
origin, when cells remain bound to each other and
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migrate in a group [8]. In many tumors, both types of dis-
semination can exist simultaneously.

In the case of cell dedifferentiation during tumor pro-
gression, the so-called epithelial—-mesenchymal transition
(EMT) takes place when transformation results in rupture
of cell—cell contacts and cells begin to move separately.
Usually, the lower the extent of tumor differentiation the
more often it spreads as individually migrating cells [8, 9].
In this case their movement resembles migration of fibro-
blasts and consists of several successive steps: protrusion of
the active edge of the cell mainly due to actin polymeriza-
tion, making adhesion contacts with the substrate,
translocation of the cell body via contraction of
actin—myosin fibrils, disassembling of adhesion structures
in the back part of the cell, and retraction of the rear. The
migration efficiency depends of the coordination of these
steps [10]. Each step suggests significant rearrangements
of the cell cytoskeleton, mainly of the actomyosin micro-
filament system that is in tight cooperation with other
cytoskeleton systems, in particular with microtubules [11].
These rearrangements are under strict control of external
factors (signals from ECM, growth factors, etc.) and intra-
cellular regulators. The most important intracellular regu-
latory elements of this system for both normal and trans-
formed cells are proteins of the family of small GTPases
(Rac, Rho, Cdc42), each of which has its own function
[12-14]. Thus, Rac is responsible for actin polymerization
at the cell edge, regulating formation of lamellipodia (thin
wide pseudopodia) and nascent focal complexes, while
Rho is responsible for formation of actomyosin bundles
(stress fibers), their tension, and maturation of focal con-
tacts, whereas Cdc42 is responsible for generation of
filopodia (narrow processes) [15-17]. The activation of
Rac during fibroblast motility (mesenchymal migration)
results in enhancement of the ability of cells to migrate,
whereas an increase in Rho content results in formation of
large focal contacts and retardation of cell motility.

It has been shown in experiments on cell migration
in a 3D matrix that proteolytic degradation is the essen-
tial component of individual cell movement in ECM. An
elongated cell with protrusions at the leading edge moves
with formation of integrin-dependent contacts with
ECM. Metalloproteases are accumulated at the leading
edge and this process, in turn, depends on establishment
of integrin contacts. Cell migration following the mes-
enchymal mechanism through 3D matrix is facilitated by
degradation of ECM by secreted proteases, i.e. it depends
on the presence and activity of metalloproteases [18, 19].

STRUCTURE AND FUNCTIONS OF FOCAL
ADHESIONS, DIFFERENT ADHESION TYPES,
ASSOCIATION WITH CYTOSKELETON

As noted above, interaction of a cell with a substrate
is necessary to provide for cell movement along the sub-
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strate surface. This interaction is performed by special-
ized structures — focal adhesions. The first data on struc-
ture and function of focal adhesions were obtained more
than 30 years ago during in vitro studies of cells on a 2D
substrate [20-22]. It was shown that the cell-matrix
interaction are effected through small regions associated
with actin bundles and tightly adjacent to the substrate. At
the present time it is known that adhesion or focal con-
tacts (FC) are highly specialized structures responsible
for cytoskeleton binding to extracellular matrix and play-
ing an essential role in cell morphogenesis, thus providing
for cell migration along the substrate [10]. The FC for-
mation, size, and amount are closely associated with the
arrangement of actin cytoskeleton. Disintegration of
microfilament bundles (stress fibers) using inhibitors of
actin polymerization or actin—myosin contractility
results in destruction of FC [23-25]. Inhibition of FC for-
mation (like that caused by inhibition of integrin interac-
tion), in turn, blocks formation of stress fibers [26, 27].
Moreover, the enhanced contractility or additional cell
tension caused by a force applied from the outside results
in the enlargement of FC and growth of actin stress fibers
[28, 29].

More than fifty proteins associated with focal con-
tacts and adhesions with ECM are now known [30].
These proteins can directly interact with each other or be
involved in complex regulatory relationships [30]. They
can be separated into several groups in accordance with
their functions. The first group includes transmembrane
proteins integrins, the main receptors binding the cyto-
skeleton to ECM [31]. The second group consists of pro-
teins incorporated in the focal adhesion structure from
the cytoplasmic face of the adhesion site and associated
with the cytoskeleton (tensin, vinculin, paxillin, o-
actinin, etc.). Most of them are able to carry out both
structural and regulatory functions. The third group
includes a large number of regulatory proteins (tyrosine
kinases, serine-threonine kinases, protein regulators of
small GTPase activities, tyrosine phosphatases, and other
enzymes) also associated with adhesion structures.
Interaction of these proteins with each other and their
activation are under strict control of the cell signals and
those from the outside. Different types of adhesion struc-
tures can be formed in response to these outside signals,
which, in turn, defines cell behavior, in particular, its
ability for directed migration and the rate of this migra-
tion.

According to the current classification, several types
of cell adhesion contacts with ECM are distinguished,
such as focal complexes, focal contacts, and fibrillar
adhesions [25, 30]. Focal complexes are small (0.5-
1.0 um), punctate, short-lived adhesions with the sub-
strate [15, 16, 32]. They usually emerge at the active edge
of a cell in the region of lamellipodia or filipodia [33-35]
and their formation depends on activity of the small
GTPases Rac and Cdc42 [15, 16]. Focal complexes exist
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for several minutes and then either dissociate or undergo
maturation to larger focal contacts. It was shown that
despite small dimensions and rapid exchange of mole-
cules comprising focal complexes could support stronger
traction force transmitted to substratum than mature focal
contacts [36]. As a rule, focal complexes are characteris-
tic of highly motile cells like keratocytes and melanoma
B16. Mature focal contacts are oval structures of 3-10 um
in length associated with the ends of microfilament bun-
dles. Their formation is regulated by the activation of
GTPase Rho [15, 16] and depends on tension developed
due to contraction of actomyosin stress fibers [29, 37] or
is activated by outside applied force [28]. The FC assem-
bly—disassembly takes 10-120 min, and these structures
are typical for relatively slowly moving cells. Thus, the
focal contact forming cells move in the 3D matrix with the
rate of 0.1-2 um/min [38]. In stationary cells, the tensile
stress that can be developed by focal contacts relative the
substrate is proportional to the size of the FC [39].

No significant differences were revealed in molecular
composition between focal complexes and focal contacts,
although there are quantitative distinctions in the ratio of
various proteins or in the level of their phosphorylation
and hence in their level of activation. Thus, it was shown
that the content of phosphorylated focal adhesion kinase
(FAK), an important protein involved in regulation of
adhesion structure formation, is lower in focal complexes
compared to that in focal contacts, and protein zixin
appears in focal complexes somewhat later than other
proteins, and usually at the moment of the contraction of
the cell edge, i.e. upon maturation of focal complexes to
focal contacts ([34] and our unpublished results). Fibrillar
adhesions are a different type of adhesion structures
formed by fibroblasts. They differ in molecular composi-
tion from focal contacts. Fibrillar adhesions are enriched
with integrin osp3, and they also include tensin and parvin
[30, 40, 41]. Fibrillar adhesions bind to fibronectin fibers
and, owing to tension, form fibronectin bundles in the
surrounding extracellular matrix [42], but their formation
and existence is independent of tension of actomyosin
stress fibers [25, 41].

All these adhesion structures interact with ECM and
thus, in turn, affect its structure. Formation of ECM
structures depends on the tension developed by the cell
and hence on its cytoskeleton structure and on the type of
adhesion structures formed by the cell. The ECM struc-
ture can also be changed in response to the action of dif-
ferent proteases secreted by cells. There is still practically
no data showing that any active degradation of extracellu-
lar matrix can be carried out with involvement of FC,
focal complexes, or fibrillar adhesions. Only Takino et al.
[43] showed on transformed Hela and fibrosarcoma
HT1080 cells that expression of matrix membrane type 1
metalloprotease (MT1-MMP) and activation of MMP2
take place in the region of focal adhesions, while
fibronectin (a protein of extracellular matrix) disappears
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from these regions. No biochemical proof of real ECM
degradation is given in this work.

In addition to the above-described adhesions, char-
acteristic of all normal cells, specific integrin-containing
adhesion structures, podosomes, are also distinguished;
they were first described in fibroblasts transformed by
Rous sarcoma virus [44] and are typical adhesion struc-
tures of tumor cells [45, 46]. Podosomes also occur in
some normal cells, such as monocytes and macrophages,
which are characterized by rapid migration [47]. In
osteoclasts where podosomes are located at the cell
periphery, they take part in resorption of bony tissue [48-
50]. Since the presence of podosomes is characteristic of
the most aggressive invading cells, the current interest in
investigation of these structures is very high [45, 51-54].
The podosome has complex functions: it provides for cell
adhesion to ECM, migration along extracellular matrix or
inside it, and simultaneously degrades this matrix. The
podosome adheres to adjacent substrate via a circular
structure containing integrin and integrin-interacting
proteins practically identical to those present in adhesion
contacts. The main difference between podosomes and
the above-considered adhesion structures is the presence
of matrix metalloproteases, which are responsible for
matrix degradation. Podosomes are short-lived struc-
tures; their assembly—disassembly takes only minutes
[51].

STRUCTURAL ALTERATIONS OF CELL-MATRIX
ADHESIONS DURING CARCINOGENESIS

Cell morphology, cytoskeleton, and structure of
focal contacts undergo significant changes during trans-
formation. Investigations in vitro have shown that the
extent of cell spreading on the substrate significantly
decreases, actin stress fibers practically disappear, and the
number of mature focal contacts also becomes signifi-
cantly lower [55]. Instead, a great number of small punc-
tate focal complexes are formed in transformed cells [56].
The induction of this phenotype depends on activation of
Rac, intensifying the dynamics of pseudopodia, and on
lowering the Rho activity, which results in suppression of
ROCK-dependent formation of stress fibers and reduc-
tion of adhesion contacts [8, 57, 58]. It was also shown
that transformed cells developed lower tension and exhib-
ited lower ability to deform a flexible substrate (silicon
film) compared to normal cells [59], i.e. they exert lower
pressure on the surrounding ECM. Many works are now
published concerning changes, caused by neoplastic
transformation, in the content or activity of individual
proteins incorporated in focal contacts or regulating its
functions.

Tumor cell invasiveness correlates with integrin
expression and composition. Integrins (the main receptors
involved in cell contacts with ECM) are heterodimers
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consisting of transmembrane subunits o and f§ and having
a large extracellular domain, an intramembrane domain,
and an intracellular domain interacting with cytoskeleton
proteins [60, 61]. In mammals 18 a- and eight 3-subunits
are known, which associate in different combinations and
form 24 integrins [62, 63]. Different integrins usually
provide for interaction with different substrates, but
sometimes the same integrin can interact with different
substrates, and vice versa, different integrins can partici-
pate in formation of adhesion structures with the same
substrate [64]. Integrins provide for transmission of
chemical and mechanical signals, which in turn, results
in rearrangement of the cell cytoskeleton and activation
of pathways that control cell survival and motility [65,
66].

Thus, integrins not only provide for interaction with
ECM, but besides they are involved in regulation of bio-
logical processes like proliferation, differentiation, apop-
tosis, and angiogenesis. The disturbance of integrin-
dependent contacts with ECM in normal cells results in
their death caused by a specific type of apoptosis —
anoikis [67]. The ability to survive without contacts with
a substrate is a feature of tumor cells. However, in this
case tumor cells still depend on signals from integrins
both at the beginning of carcinogenesis and in the course
of tumor progression [68, 69]. It was shown that expres-
sion of different integrins changed significantly during
carcinogenesis [70]. In particular, it was shown that
expression of integrin o,f,, involved in cooperation with
the epidermal growth factor receptor in intracellular
transmission of mitogenetic signals is enhanced in many
carcinomas [71, 72], whereas expression of integrin o, [3;
cooperating with platelet-derived and epidermal growth
factors was enhanced in glioblastomas and melanomas
[73, 74]. The regulatory pathway initiated by these inte-
grins results in increased cell proliferative activity [75,
76]. Besides, some integrins were able to stimulate tumor
invasion due to regulation of expression, activity, or mat-
uration of matrix metalloproteases degrading compo-
nents of basal membrane and extracellular matrix [77-
79]. Activation of some integrins (a3, of,) or their reg-
ulatory pathways stimulates expression of blood vessel
endothelium growth factor (VEGF) and activates its
receptor, which contributes to tumor vascularization [80,
81].

Change in focal adhesion kinase (FAK) during car-
cinogenesis. Focal adhesion kinase is another component
of cell adhesion contacts that is often changed during car-
cinogenesis. In many human tumors either the level of
FAK expression or the level of its phosphorylation
increase, i.e. the enzyme undergoes activation [82-85].
These changes correlate with acquiring of invasive cell
phenotype and with increased number of metastases [86-
88]. FAK is a regulatory protein associated with focal
contacts and playing an essential role in their dynamics
and cytoskeleton modeling during normal cell motility [8,
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89-91]. FAK causes disassembly of focal contacts by an
unknown mechanism and thus stimulates more rapid
exchange of contact structures, which in turn increases
the rate of cell migration. FAK stimulates the activity of
Rac (a small GTPase responsible for formation of cell
protrusions), and this process in turn results in activation
of cell motility [92, 93]. In addition, FAK activation
results in increased MMP synthesis [84] and hence in
ECM degradation and enhancement of cell invasion. It
was also shown that FAK can be involved in extracellular
matrix remodeling not only by degrading the latter by
metalloproteases, but also due to enhanced cytoskeleton
contractility. In this case regulatory cellular pathways,
leading to increased cell proliferation and inhibition of
anoikis, are switched on [93], i.e. the enhancement of
FAK activity or expression causes not only structural
rearrangement of adhesion structures, but rather a shift of
the regulatory pathways toward manifestation of neoplas-
tic behavior of the cell.

Change in other focal adhesion proteins during car-
cinogenesis. Paxillin was shown to play a special role
among structural proteins of FC. Its phosphorylation
level is of significant importance for regulation of cell
migration [94, 95]. Recently it was directly shown that
paxillin overphosphorylation is associated with metastat-
ic potential of human osteosarcoma [96]. It is supposed
that paxillin phosphorylation mediates activation of small
GTPase Racl and thus enhances cell migration.

It was also shown that the development of breast
cancer metastases is accompanied by a decrease in the
amount of tensin 3, which is responsible for integrin
binding to actin cytoskeleton. Instead, expression of cten,
a protein also belonging to the tensin family, but unlike
tensin 3, deprived of actin-binding domain, increases. In
this case the interaction of integrin receptors with actin
cytoskeleton is disturbed, which results in disintegration
of actin stress fibers and acquiring by cells of a mobile
fibroblast-like phenotype [97], i.e. this not only (and not
so much as) regulates the FC morphology, but causes
total cytoskeleton rearrangement.

Increase in cell invasiveness is often caused by accel-
erated FC assembly—disassembly. Thus, there are numer-
ous data showing that enhanced expression of the cyto-
plasmic protease calpain is directly associated with in vivo
invasion [98]. This protease cleaves focal contact compo-
nents (talin, cytoplasmic tails of integrin subunits 3, and
B3), which contributes to the more active rotation of
adhesion structures and participates in actin cytoskeleton
rearrangement [99, 100].

Thus, in all cases of changes in the cell-ECM adhe-
sion structure or in activity of any protein incorporated in
these structures, the acquiring by cells of invasive pheno-
type is connected with complicated regulations and
rearrangements concerning the whole actin cytoskeleton
and often with alteration of the cell proliferative status or
its ability to survive.
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FORMATION OF A NEW TYPE OF CELL-MATRIX
ADHESIONS DURING CARCINOGENESIS.
PODOSOMES

Further changes in focal adhesions during transfor-
mation include the appearance of a different type of
adhesion structures — podosomes. As indicated above, a
podosome is a highly dynamic point adhesion structure.
Besides integrins and proteins typical of other adhesion
structures, the podosomes also harbor the actin polymer-
ization machinery components Arp2/3, leading to the
actin cytoskeleton rearrangement. In addition, the
podosome is characterized by the presence of metallopro-
teases involved in ECM rearrangement [51, 101].
Formation of podosomes is described in many trans-
formed cells of epithelial origin, including HelLa and
MCEF-7 [102]. Podosomes can also be induced in
endothelial and smooth muscle cells after treatment with
the tumor promoter PMA (phorbol 12-myristate 13-
acetate) [103] or growth factors. This process is connect-
ed with local actin rearrangement [ 104, 105]. Signal path-
ways regulated by small GTPases and serine-threonine
kinases, FAR- and Src-kinases, are very important for
podosome formation [51]. Single cells degrade ECM with
the involvement of podosomes, thus providing for cell
penetration through basal membrane and invasion into
adjacent tissues.

FURTHER DEDIFFERENTIATION
LEADS TO ATTENUATION
OF CELL-MATRIX INTERACTION

Further cell dedifferentiation can result in emer-
gence of a different type of cell migration, independent of
or slightly dependent on formation of adhesion structures
with extracellular matrix [8, 18]. In this case, cell mor-
phology changes from the extended fibroblast-like to the
rounded or ellipsoid, and integrin receptors on the cell
surface undergo redistribution. The level of metallopro-
tease expression significantly decreases and becomes less
important compared to that for movement of fibroblast-
like cells. The cells become very mobile and begin to
move in a way resembling that of an amoeba, by squeez-
ing through ECM [8], i.e. cells change their movement
from mesenchymal to amoeboid mode. This means that
the mesenchymal—amoeboid transition (MAT) takes
place in this case [18]. Such type of movement was shown
to be characteristic of lymphomas and small-cell cancers
of lungs and prostate. When assembly—disassembly of
focal adhesions is not necessary, cells can move at rates
almost 30 times higher than that of cells forming integrin
adhesions.

In vitro on a 2D substrate, the cell transition to
amoeboid type of mobility due to reduced adhesion to the
substrate results in the cell detachment from the substrate
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surface. Owing to this, the description of such type move-
ment, evidently widespread in vivo, became possible only
recently during investigation of cell mobility in a 3D
matrix or in an organism. The amoeboid mode of move-
ment also requires significant rearrangement of actin
cytoskeleton. Practically no stress fibers are detected in
such cells. It is assumed that motility of these cells is asso-
ciated with cortical actin.

It was shown that tumor cells can change the type of
migration depending on the environmental conditions.
For example, inhibition of matrix metalloprotease
(MMP) activities or inhibition of Rho-dependent regula-
tory pathways results in MAT. In in vitro experiments, the
highly invasive fibrosarcoma HT1080 cells treated with
inhibitors of proteolytic enzymes (MMP, cathepsins, and
serine proteases) changed their type of motility from mes-
enchymal to amoeboid, i.e. from the movement depend-
ent on the proteolytic enzyme activities to independent.
Thus, the MAT model was obtained in experimental con-
ditions [8].

CHANGE IN EXTRACELLULAR
MATRIX COMPOSITION
DURING CARCINOGENESIS

In addition to alteration of their own morphology
and character of interaction with ECM, tumor cells also
change ECM composition. A great number of proteolytic
enzymes, including MMP and serine and cysteine pro-
teases, are activated during tumor progression [106-108].
Their activity results in degradation of matrix structures.
However, in addition to ECM degradation the level of
expression of different matrix proteins also changes dur-
ing carcinogenesis. In particular, a high level of
fibronectin expression positively correlates with invasion
into lymph nodes and with bad prognosis for patients with
breast cancer [109]. There are data showing that the com-
position of laminins can change during tumor progres-
sion. In particular, the increased expression of laminin-8
was shown in gliomas and in highly invasive mammary
gland duct cancers [6]. The rearrangement of ECM by
tumor cells due to enhanced expression of individual
ECM components significantly increases survival of
tumor cells in response to chemotherapy [110].

Thus, practically all changes essential for transfor-
mation, even if they concern just individual proteins of
adhesion structures or matrix, result in complex changes
of regulatory pathways involving not only adhesion struc-
tures but leading to global changes of the cell cytoskele-
ton, proliferative status, and relationships with ECM. In
this case, a general tendency for development of the
cell-ECM relationships during tumor progression is the
acquiring by the cell of higher independence from the
environment and more pronounced aggression towards
the environment.
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INVOLVEMENT OF SMALL GTPases
IN INVASION AND CARCINOGENESIS

As mentioned above, GTPases of the Rho family play
an important role in regulation of cytoskeleton rearrange-
ment [14]. It has been shown that proteins of the Rho fam-
ily are also able to influence expression of individual genes
and thereby effect cell proliferation and survival [111]. All
these functions are of crucial significance in carcinogene-
sis. The change in proliferation level or activation of Rho
proteins is shown for many tumors [111]. It has been
shown that enhanced expression of Rac or Rho and activa-
tion of their regulatory pathways involving ROCK or
MLCK result in enhanced migration of tumor cells in vitro
and correlate with increased invasiveness in vivo [58, 112-
114]. Changes in expression level or activation of Rho pro-
teins are significant for revealing different stages of tumor
progression, beginning from primary features (attenuation
of cell—cell contacts and acquiring by cells of mesenchy-
mal mobile phenotype) and for both the enhanced cell
motility and for ECM degradation. Rho and Rac can reg-
ulate cell mobility at the expense of activation of cytoskele-
ton proteins ezrin, moesin, and radixin, which bind actin
cytoskeleton to plasma membrane and thus determine the
character and rate of cell migration [115, 116].

RhoA and Racl can model ECM degradation and
rearrangement by regulation of MMP expression level or,
in contrast, of expression level of tissue inhibitors of met-
alloproteases [117, 118].

It is understandable that Rho proteins play an impor-
tant role in tumor development, but data on changes in
expression level of these proteins in different tumors are
quite controversial. This can probably be explained by the
multicomponent action of Rho proteins at different
stages of carcinogenesis. Tumor cells following mes-
enchymal and amoeboid types of dissemination move
using different mechanisms. Accordingly, Rho proteins
can play different roles depending on the type of cell
mobility. For cells moving by the mesenchymal mecha-
nism, the Rac-dependent protrusion formation at the
leading edge is essential, whereas Rho signaling is not so
important [119]. Since cortical actin, rearrangement of
which is defined by the Rho/ROCK-dependent regula-
tions, plays an important role in amoeboid movement
[120], this means that suppression of the Rho/ROCK
pathway inhibits the amoeboid-type migration. At least
sometimes tumor cells can switch from one type of move-
ment to the other depending on the activity of small
GTPases. Thus, inhibition of Rac in HT 1080 fibrosarco-
ma cells leads to switching to the amoeboid-type mobili-
ty, and vice versa, inhibition of the Rho/ROCK pathway
results in exhibition of mesenchymal features [19]. Thus,
the balance between Rac and Rho activities is able to
define the character of tumor cell migration.

The ability of tumor cells to change migration mech-
anisms and, respectively, the ability for invasion due to
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morphological or functional dedifferentiation or depend-
ing on surrounding conditions is called plasticity [8].

SOME MODERN APPROACHES
TO SUPPRESS INVASION AND MIGRATION
ABILITIES OF TUMOR CELLS

Recent success in studying mechanisms of tumor cell
migration and invasion made it possible to outline
approaches for therapeutic treatment on these processes.
They are mainly connected with attempts to regulate pro-
tein activities that change during carcinogenesis. One
such approach concerns attempts to influence FAK in
tumor cells [93, 121]. Thus, several groups of researchers
have synthesized compounds (PF-573,228, PF-562,271,
and NVP-TAE226) influencing FAK catalytic activity.
These compounds interact with FAK by ATP binding site
and effectively inhibit FAK kinase activity [122-125].
These agents inhibit cell migration. One of them (PF-
562,271 or PF-00562271) passed preclinical tests.
Regression of human tumors transplanted into nude mice
or tumor growth arrest were shown for cancers of
prostate, mammary gland, large intestine, lung, glioblas-
toma, and cancer of the pancreas. Phase 1 of clinical tri-
als has been carried out on patients with solid tumors of
different localization, and encouraging results were
obtained [93, 126].

Much attention is given to the search for agents
influencing regulatory pathways of small Rho GTPases as
key regulatory proteins involved in carcinogenesis. But so
far there is no great success in this direction, probably
because, as already noted above, different Rho proteins
are required at different stages of tumor progression, and
migration of tumor cells may follow different mecha-
nisms [8]. Inhibition of functions of one member of the
Rho family does not produce a desired result, because
transformed cells are able to switch from one type of
movement to another. Evidently, just due to tumor cell
plasticity, attempts to influence invasion and migration
abilities of tumor cells by direct effect on receptor mole-
cules or on proteolytic enzymes have still not given any
significant results [8].

There are numerous attempts to obtain molecular
antagonists of integrins inhibiting signal pathways from
these proteins which lead to MMP or FAK activation, or
stimulate vessel development in tumors [127]. In particu-
lar, monoclonal antibodies to integrin o,B; blocking
angiogenesis have been developed. Derivatives of these
preparations are now at the stage of clinical trials [127].

Thus, investigations of cell and ECM interactions
during carcinogenesis are at the stage of intensive devel-
opment, and owing to modern approaches they produce
remarkable material for understanding carcinogenesis
and development of approaches to combat carcinogene-
sis.

BIOCHEMISTRY (Moscow) Vol. 73 No. 7 2008



for

CELL—ECM INTERACTIONS DURING CARCINOGENESIS

This work was supported by the Russian Foundation
Basic Research (grant 05-04-48146-a), the

President’s program for Leading Scientific Schools (grant
SS-6063.2006.4), and grant from the Center for
Innovations “PROTEK?”.

REFERENCES

. Gumbiner, B. M. (1996) Cell, 84, 345-357.

2. Yamada, K. M., and Geiger, B. (1997) Curr. Opin. Cell Biol.,

11.

12.
13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

9, 76-85.

. Geiger, B., Bershadsky, A., Pankov, R., and Yamada, K. M.

(2001) Nat. Rev. Mol. Cell Biol., 2, 793-805.

. Bosman, FE T., Havenith, M. G., Visser, R., and Cleutjens,

J. P. (1992) Progr. Histochem. Cytochem., 24, 1-92.

. Kleiman, H. K., Koblinski, J., Lee, S., and Engbring, J.

(2001) Surg. Oncol. Clin. N. Am., 10, 329-338.

. Lyubimov, A. V., Black, K. L., and Lyubimova, Yu. Yu.

(2003) Vestnik RONTs, 3, 83-91.

. Condeelis, J., Singer, R. H., and Segall, J. E. (2005) Annu.

Rev. Cell Dev. Biol., 21, 695-718.

. Friedl, P., and Wolf, K. (2003) Nature Rev., 3, 362-374.
. Thiery, J. P. (2002) Nature Rev. Cancer, 2, 442-454.
. Lauffenburger, D. A., and Horwitz, A. F. (1996) Cell, 84,

359-369.

Small, J. V., Kaverina, 1., Krylyshkina, O., and Rottner, K.
(1999) FEBS Lett., 452, 96-99.

Hall, A. (1998) Science, 279, 509-514.

Nobes, C. D., and Hall, A. (1999) J. Cell Biol., 144, 1235-
1244,

Etienne-Manneville, S., and Hall, A. (2002) Nature
(Lond.), 420, 629-635.

Nobes, C. D., and Hall, A. (1995) Cell, 81, 53-62.
Rottner, K., Hall, A., and Small, J. V. (1999) Curr. Biol., 9,
640-648.

Ridley, A. J. (2001) Trends Cell. Biol., 11, 471-477.

Wolf, K., Mazo, I., Leung, H., Engelke, K., von Andrian,
U. H., Deryugina, E. I., Strongin, A. Y., Brocker, E. B.,
and Friedl, P. (2003) J. Cell Biol., 160, 267-277.
Yamazaki, D., Kurisu, S., and Takenawa, T. (2005) Cancer
Sci., 96, 379-386.

Abercrombie, M., and Dunn, G. A. (1975) Exp. Cell. Res.,
92, 57-62.

Izzard, C. S., and Lochner, L. R. (1980) J. Cell. Sci., 42,
81-116.

Burridge, K., Fath, K., Kelly, T., Nucolls, G., and Turner,
C. (1988) Ann. Rev. Cell Biol., 4, 487-525.

Volberg, T., Geiger, B., Citi, S., and Bershadsky, A. D.
(1994) Cell Motil. Cytoskeleton, 29, 321-338.

Helfman, D. M., Levy, E. T., Berthier, C., Shtutman, M.,
Riveline, D., Grosheva, 1., Lachish-Zalait, A., Elbaum,
M., and Bershadsky, A. D. (1999) Mol. Biol. Cell, 10, 3097-
3112.

Zamir, E., Katz, B. Z., Aota, S., Yamada, K. M., Geiger,
B., and Kam, Z. (1999) J. Cell Sci., 112, 1655-1669.

Neff, N. T., Lowrey, C., Decker, C., Tovar, A., Damsky, C.,
Buck, C., and Horwitz, A. E. (1982) J. Cell Biol., 95, 654-
666.

Machesky, L. M., and Hall, A. (1997) J. Cell Biol., 138,
913-926.

BIOCHEMISTRY (Moscow) Vol. 73 No. 7 2008

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

739

Riveline, D., Zamir, E., Balaban, N. Q., Schwartz, U.
S., Ishizaki, T., Narumiya, S., Kam, Z., Geiger, B.,
and Bershadsky, A. D. (2001) J. Cell Biol., 153, 1175-
1185.

Chrzanowska-Wodnicka, M., and Burridge, K. (1996) J.
Cell Biol., 133, 1403-1415.

Zamir, E., and Geiger, B. (2001) J. Cell Sci., 114, 3583-
3590.

Schoenwaelder, S. M., and Burridge, K. (1999) Curr. Opin.
Cell Biol., 11, 274-286.

Clark, E. A., King, W. G., Brugge, J. S., Simons, M., and
Hynes, R. O. (1998) J. Cell Biol., 142, 573-586.
Alexandrova, A. Y., Arnold, K., Shtutman, M. S., Schaub,
S., Meister, J. J., Geiger, B., Bershadsky, A. D., and
Verkhovsky, A. B. (2001) Mol. Biol. Cell, 12, 263A.
Zaidel-Bar, R., Ballestrem, C., Kam, Z., and Geiger, B.
(2003) J. Cell Sci., 116, 4605-4613.

Bershadsky, A. D., Ballestrem, C., Carramusa, L.,
Zilberman, Y., Gilquin, B., Khochbin, S., Alexandrova, A.
Y., Verkhovsky, A. B., Shemesh, T., and Kozlov, M. M.
(2006) Eur. J. Cell Biol., 85, 165-173.

Beningo, K. A., Dembo, M., Kaverina, I. N., Smal, J. V.,
and Wang, Y. (2001) J. Cell Biol., 153, 881-888.
Totsukawa, G., Wu, Y., Sasaki, Y., Hartshorne, D. J.,
Yamakita, Y., Yamashiro, S., and Matsumura, E (2004) J.
Cell. Biol., 164, 427-439.

Friedl, P.,, Zanker, K. S., and Brocker, E.-B. (1998)
Microsc. Res. Tech., 43, 369-378.

Balaban, N. Q., Schwarz, U. S., Riveline, D., Goichberg,
P., Tzur, G., Sabanay, I., Mahalu, D., Safran, S.,
Bershadsky, A., Addadi, L., and Geiger, B. (2001) Nat. Cell
Biol., 3, 466-472.

Katz, N., Zamir, E., Bershadsky, A., Kam, Z., Yamada, K.
M., and Geiger, B. (2000) Moll. Biol. Cell, 11, 1047-1060.
Zamir, E., Katz, M., Posen, Y., Erez, N., Yamada, K. M.,
Katz, B. Z., Lin, S., Lin, D. C., Bershadsky, A., Kam, Z.,
and Geiger, B. (2000) Nat. Cell Biol., 2, 191-196.

Pankov, R., Cukierman, E., Katz, B. Z., Matsumoto, K.,
Lin, D. C., Lin, S., Hahn, C., and Yamada, K. M. (2000)
J. Cell Biol., 148, 1075-1090.

Takino, T., Watanabe, Y., Matsui, M., Miyamori, H.,
Kodo, T., Seiki, M., and Sato, H. (2006) Exp. Cell Res.,
312, 1381-1389.

Tarone, G., Cirillo, D., Giancotti, F. G., Comoglio, P. M.,
and Marchisio, P. C. (1985) Exp. Cell Res., 159, 141-157.
Linder, S., and Aepfelbacher, M. (2003) Trends Cell Biol.,
13, 376-385.

Bowden, E. T., Onikoyi, E., Slack, R., Myoui, A., Yoneda,
T., Yamada, K. M., and Mueller, S. C. (2006) Exp. Cell
Res., 312, 1240-1253.

Linder, S., Nelson, D.,Weiss, M., and Aepfelbacher, M.
(1999) Proc. Natl. Acad. Sci. USA, 96, 9648-9653.
Lakkakorpi, P. T., Nakamura, I., Nagy, R. M., Parsons, J.
T., Rodan, G. A., and Duong, L. T. (1999) J. Biol. Chem.,
274, 4900-4907.

Duong, L. T., Lakkakorpi, P. T., Nakamura, I., Machwate,
M., Nagy, R. M., and Rodan, G. A. (1998) J. Clin. Invest.,
102, 881-892.

Wesolowski, G., Duong, L. T., Lakkakorpi, P. T., Nagy, R.
M., Tezuka, K., Tanaka, H., Rodan, G. A., and Rodan, S.
B. (1995) Exp. Cell Res., 219, 679-686.

Gimona, M. (2008) Semin. Cancer Biol., 18, 23-34.



740
52.

53.
54.

55.

56.

57.

58.

59.

60.
6l.

62.

63.
64.

65.
66.

67.
68.
69.

70.

71.

72.

73.

74.
75.
76.

77.

78.

79.

80.

ALEXANDROVA

Ayala, 1., Baldassarre, M., Caldieri, G., and Buccione, R.
(2006) Eur. J. Cell Biol., 85, 159-164.

Linder, S. (2007) Trends Cell Biol., 17, 107-117.
Yamaguchi, H., Pixey, E., and Condeelis, J. (2006) Eur. J.
Cell Biol., 85, 213-218.

Vasiliev, J. M., and Gelfand, I. M. (1980) in Neoplastic and
Normal Cells in Culture, Cambridge University Press,
Cambridge.

Vasiliev, J. M. (2004) Int. J. Dev. Biol., 48, 425-439.
Farina, K. L., Wyckoff, J. B., Rivera, J., Lee, H., Segall, J.
E., Condeelis, J. S., and Jones, J. G. (1998) Cancer Res.,
58, 2528-2532.

Sahai, E., Olson, M. E, and Marshall, C. J. (2001) EMBO
J., 20, 755-766.

Harris, A. K., Wild, P., and Stopak, D. (1980) Science, 208,
177-179.

Hynes, R. O. (1992) Cell, 69, 11-25.

Schwartz, M. A., Schaller, M. D., and Ginsberg, M. H.
(1995) Annu. Rev. Cell Dev. Biol., 11, 549-599.

Giancotti, E G., and Ruoslahti, E. (1999) Science, 285,
1028-1032.

Hynes, R. O. (2002) Cell, 110, 673-687.

Guo, W, and Giancotti, FE. G. (2004) Nat. Rev. Mol. Cell
Biol., 5, 816-826.

Schwartz, M. A. (1997) J. Cell Biol., 139, 575-578.

Howe, A., Aplin, A. E., Alahari, S. K., and Juliano, R. L.
(1998) Curr. Opin. Cell Biol., 10, 220-231.

Frisch, S. M., and Ruoslahti, E. (1997) Curr. Opin. Cell
Biol., 9, 701-706.

Bissell, M. J., and Radisky, D. (2001) Nature Rev. Cancer,
1, 46-54.

Wiseman, B. S., and Werb, Z. (2002) Science, 296, 1046-
1049.

Maschler, S., Wirl, G., Spring, H., Bredow, D. V., Sordat,
1., Beug, H., and Reichmann, E. (2005) Oncogene, 17,
2032-2041.

Mercurio, A. M., and Rabinovitz, 1. (2001) Semin. Cancer
Biol., 11, 129-141.

Ramos, D. M., But, M., Regezi, J., Schmidt, B. L.,
Atakilit, A., Dang, D., Ellis, D., Jordan, R., and Li, X.
(2002) Matrix Biol., 21, 297-307.

Albelda, S. M., Mette, S. A., Elder, D. E., Stewart, R.,
Damjanovich, L., Herlyn, M., and Buck, C. A. (1990)
Cancer Res., 50, 6757-6764.

Gladson, C. L., and Cheresh, D. A. (1991) J. Clin. Invest.,
88, 1924-1932.

Miranti, C. K., and Brugge, J. S. (2002) Nature Cell Biol.,
4, ES83-E90.

Giancotti, F G., and Tarone, G. (2003) Annu. Rev. Cell
Dev. Biol., 19, 173-206.

Brooks, P. C., Strumblad, S., Sanders, L. C., von
Schalscha, T. L., Aimes, R. T., Stetler-Stevenson, W. G.,
Quigley, J. P., and Cheresh, D. A. (1996) Cell, 85, 683-
693.

Rolli, M., Fransvea, E., Pilch, J., Saven, A., and Felding-
Habermann, B. (2003) Proc. Natl. Acad. Sci. USA, 100,
9482-9487.

Hu, B., Jarzynka, M. J., Guo, P., Imanishi, Y., Schlaepfer,
D. D., and Cheng, S. Y. (2006) Cancer Res., 66, 775-783.
Tan, C., Cruet-Hennequart, S., Troussard, A., Fazli, L.,
Costello, P., Sutton, K., Wheeler, J., Gleave, M., Sanghera,
J., and Dedhar, S. (2004) Cancer Cell, 5, 79-90.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

De, S., Razorenova, O., McCabe, N. P., O’Toole, T., Qin,
J., and Byzova, T. V. (2005) Proc. Natl. Acad. Sci. USA,
102, 7589-7594.

Owens, L. V., Xu, L., Craven, R. J., Dent, G. A., Weiner,
T. M., Kornberg, L., Liu, E. T., and Cance, W. G. (1995)
Cancer Res., 55, 2752-2755.

Kahana, O., Micksche, M., Witz, 1. P, and Yron, L. (2002)
Oncogene, 21, 3969-3977.

Hsia, D. A., Mitra, S. K., Hauck, C. R., Streblow, D. N.,
Nelson, J. A., llic, D., Huang, S., Li, E., Nemerow, G. R.,
Leng, J., Spencer, K. S. R., Cheresh, D. A., and
Schlaepfer, D. D. (2003) J. Cell Biol., 160, 753-767.
Schlaepfer, D. D., Mitra, S. K., and Ilic, D. (2004)
Biochim. Biophys. Acta, 1692, 77-102.

Kornberg, L. J. (1998) Head Neck, 20, 745-752.

Cance, W. G., Harris, J. E., lacocca, M. V., Roche, E.,
Yang, X., Chang, J., Simkins, S., and Xu, L. (2000) Clin.
Cancer Res., 6, 2417-2423.

Gabarra-Niecko, V., Schaller, M. D., and Dunty, J. M.
(2003) Cancer Metastasis Rev., 4, 359-374.

Ilic, D., Furuta, Y., Kanazawa, S., Takeda, N., Sobue, K.,
Nakatsuji, N., Nomura, S., Fujimoto, J., Okada, M.,
Yamamoto, T., and Aizawa, S. (1995) Nature, 377, 539-544.
Zeng, L., Si, X,, Yu, W. P, Le, H. T, Ng, K. P, Teng, R.
M., Ryan, K., Wang, D. Z., Ponniah, S., and Pallen, C. J.
(2003) J. Cell Biol., 160, 137-146.

Webb, D. J., Donais, K., Whitmore, L. A., Thomas, S. M.,
Turner, C. E., Parsons, J. T., and Horwitz, A. E (2004)
Nat. Cell. Biol., 2, 154-161.

Burridge, K., and Wennerberg, K. (2004) Cell, 2, 167-179.
Tilghman, R. W., and Parsons, J. T. (2008) Semin. Cancer
Biol., 18, 45-52.

Petit, V., Boyer, B., Lentz, D., Turner, C. E., Thiery, J. P,,
and Valles, A. M. (2000) J. Cell. Biol., 148, 957-970.
Tsubouchi, A., Sakakura, J., Yagi, R., Mazaki, Y.,
Schaefer, E., Yano, H., and Sabe, H. (2002) J. Cell. Biol.,
159, 673-683.

Azuma, K., Tanaka, M., Uekita, T., Inoue, S., Yokota, J.,
Ouchi, Y., and Sakai, R. (2005) Oncogene, 24, 4754-4764.
Katz, M., Amit, 1., Citri, A., Shay, T., Carvalho, S., Lavi,
S., Milanezi, F., Lyass, L., Amariglio, N., Jacob-Hirsch,
J., Ben-Chetrit, N., Tarcic, G., Lindzen, M., Avraham,
R., Liao, Y.-C., Trusk, P., Lyass, A., Rechavi, G., Spector,
N. L., Lo, S. H., Schmitt, F., Bacus, S. S., and Yarden, Y.
(2007) Nat. Cell Biol., 9, 961-969.

Potter, D. A., Tirnauer, J. S., Janssen, R., Croall, D. E.,
Hughes, C. N., Fiacco, K. A., Mier, J. W., Maki, M., and
Herman, 1. M. (1998) J. Cell Biol., 141, 647-662.

Pfaff, M., Du, X., and Ginsberg, M. H. (1999) FEBS Lett.,
460, 17-22.

Carragher, N. O., and Frame, M. C. (2004) Trends Cell
Biol., 14, 241-249.

Gimona, M., and Buccione, R. (2006) Int. J. Biochem. Cell
Biol., 38, 1875-1892.

Seals, D. F., Azucena, E. F, Jr., Pass, 1., Tesfay, L.,
Gordon, R., Woodrow, M., Resau, J. H., and Courtneidge,
S. A. (2005) Cancer Cell, 7, 155-165.

Moreau, V., Tatin, F, Varon, C., Anies, G., Savona-
Barron, C., and Genot, E. (2006) Eur. J. Cell Biol., 85,
319-325.

Kaverina, 1., Stradal, T. E., and Gimona, M. (2003) J. Cell
Sci., 116, 4915-4924.

BIOCHEMISTRY (Moscow) Vol. 73 No. 7 2008



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

CELL—ECM INTERACTIONS DURING CARCINOGENESIS

Burgstaller, G., and Gimona, M. (2004) J. Cell Sci., 117,
223-231.

Sternlicht, M. D., and Werb, Z. (2001) Annu. Rev. Cell
Dev. Biol., 17, 463-516.

Coussens, L. M., Fingleton, B., and Matrisian, L. M.
(2002) Science, 295, 2387-2392.

Wolf, K., Yi, I., Wu, Y., Liu, Y., Geiger, J., Tam, E.,
Overall, C., Stack, M. S., and Friedl, P. (2007) Nat. Cell
Biol., 9, 893-904.

lToachim, E., Charchanti, A., Briasoulis, E., Karavasilis,
V., Tsanou, H., Arvanitis, D. L., Pavlidis, N., and
Agnantis, N. J. (2002) Eur. J. Cancer, 38, 2362-2370.
Sherman-Baust, C. A., Weeraratna, A. T., Rangel, L. B.,
Pizer, E. S., Cho, K. R., Schwartz, D. R., Shock, T., and
Morin, P. J. (2003) Cancer Cell, 3, 377-386.

Sahai, E., and Marshall, C. J. (2002) Nat. Rev. Cancer, 2,
133-142.

Clark, E. A., Golub, T. R., Lander, E. S., and Hynes, R. O.
(2000) Nature, 406, 532-535.

Itoh, K., Yoshioka, K., Akedo, H., Uehata, M., Ishizaki,
T., and Narumiya, S. (1999) Nature Med., 5, 221-225.
Kaneko, K., Satoh, K., Masamune, A., Satoh, A., and
Shimosegawa, T. (2002) Pancreas, 24, 34-41.

Matsui, T., Maeda, M., Doi, Y., Yonemura, S., Amano,
M., Kaibuchi, K., Tsukita, S., and Tsukita, S. (1998) J. Cell
Biol., 140, 647-657.

Akisawa, N., Nishimori, I., Iwamura, T., Onishi, S., and
Hollingsworth, M. A. (1999) Biochem. Biophys. Res.
Commun., 258, 395-400.

Engers, R., Springer, E., Michiels, F.,, Collard, J. G., and
Gabbert, H. E. (2001) J. Biol. Chem., 276, 41889-41897.

BIOCHEMISTRY (Moscow) Vol. 73 No. 7 2008

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

741

Zhuge, Y., and Xu, J. (2001) J. Biol. Chem., 276, 16248-
16256.

Sahai, E., and Marshall, C. J. (2003) Nat. Cell Biol., 5,
711-719.

Worthylake, R. A., Lemoine, S., Watson, J. M., and
Burridge, K. (2001) J. Cell Biol., 154, 147-160.

McLean, G. W.,, Carragher, N. O., Avizienyte, E., Evans,
J., Brunton, V. G., and Frame, M. C. (2005) Nat. Cancer
Rev., 5, 505-515.

Shi, Q., Hjelmeland, A. B., Keir, S. T., Song, L.,
Wickman, S., Jackson, D., Ohmori, O., Bigner, D. D.,
Friedman, H. S., and Rich, J. N. (2007) Mol. Carcinog., 6,
488-496.

Slack-Davis, J. K., Martin, K. H., Tilghman, R. W.,
Iwanicki, M., Ung, E. J., Autry, C., Luzzio, M. J., Cooper,
B., Kath, J. C., Roberts, W. G., and Parsons, J. T. (2007)
J. Biol. Chem., 20, 14845-14852.

Roberts, W. G., Ung, E., Whalen, P., Cooper, B., Hulford,
C., Autry, C., Richter, D., Emerson, E., Lin, J., Kath, J.,
Coleman, K., Yao, L., Martinez-Alsina, L., Lorenzen, M.,
Berliner, M., Luzzio, M., Patel, N., Schmitt, E., and
LaGreca, S. (2007) Proc. Annu. Meet. Am. Assoc. Cancer
Res., 48, 1282.

Kawahara, E., Ohmori, O., Nonomura, K., Murakami, Y.,
Tomioka, D., Niwa, S., Meyer, T., Mestan, J., Honda, T.,
and Hatakeyama, S. (2006) J. Clin. Oncol., 24, 13163.
Siu, L. L., Burris, H. A., Mileshkin, L., Camidge, D. R.,
Rischin, D., Chen, E. X., Jones, S., Yin D., and Fingert,
H. (2007) J. Clin. Oncol., 25, 3527.

Moschos, S. J., Drogowski, L. M., Reppert, S. 1., and
Kirkwood, J. M. (2007) Oncology (Williston Park), 9, 13-20.



